All relevant data are within the paper and its Supporting Information files.

Introduction {#sec005}
============

Many patients on dialysis awaiting kidney transplantation (KT) suffer from cognitive impairment \[[@pone.0229759.ref001], [@pone.0229759.ref002]\]. Fortunately, an improvement of cognitive function has been observed 1 year after KT in longitudinal assessments; the KT patients even reached the level of healthy controls after transplantation \[[@pone.0229759.ref003]--[@pone.0229759.ref005]\]. Interestingly, the long-term outcome of cognitive function after KT has only scarcely been analyzed. The few studies available showed impairment of memory, attention and executive function 5--7 years after KT in about 50% of the patients compared to controls \[[@pone.0229759.ref006], [@pone.0229759.ref007]\]. Considering the favorable course of cognitive function within the first year after KT this finding suggests a secondary decrease of cognitive function in the long-term after KT similar to the course of cognition after liver transplantation \[[@pone.0229759.ref008], [@pone.0229759.ref009]\].

One possible mechanism behind long-term cognitive impairment in patients after KT might be calcineurin inhibitor (CNI) therapy. CNIs, currently tacrolimus, are the standard immunosuppressive therapy for patients after KT because they significantly increase long-term survival rates after transplantation \[[@pone.0229759.ref010], [@pone.0229759.ref011]\]. In consequence, however, long-term adverse effects such as renal dysfunction, malignancy and cardiovascular disease gained importance and triggered a discussion about CNI dose reduction strategies \[[@pone.0229759.ref012]\]. Interestingly, long-term neurological side effects of CNI therapy have hardly been explored although central nervous system toxicity is one of the most important short term side effects of CNIs after transplantation \[[@pone.0229759.ref013]\]. Long-term CNI therapy could add to the occurrence of cognitive dysfunction after KT by inducing cerebrovascular atherosclerosis and microangiopathy \[[@pone.0229759.ref012]\], chronic impairment of the cerebral mitochondrial energy metabolism \[[@pone.0229759.ref014]\] and/or an alteration of the cerebral immune system with consecutive neurodegeneration \[[@pone.0229759.ref015], [@pone.0229759.ref016]\].

We hypothesize that cognitive function, brain structure and metabolism in patients on long-term standard dose tacrolimus therapy 10 years after KT is significantly altered compared to patients 1 year and 5 years after KT as well as healthy controls but similar to the findings in comparable patients 10 years after liver transplantation.

Patients and methods {#sec006}
====================

Patients {#sec007}
--------

152 patients registered in the kidney transplantation outpatient clinic database of Hannover Medical School with a history of KT about 10 years ago were screened for eligibility. The inclusion criteria were age between 18 and 80 years, German as native language and stable tacrolimus therapy in standard dosage (stable tacrolimus trough levels above 5μg/l). Only patients with tacrolimus therapy were included because it is the standard immunosuppressive drug used after KT \[[@pone.0229759.ref011]\]. Exclusion criteria were additional transplantation of other organs, kidney re-transplantation (\>3 months after first KT), neurological or psychiatric diseases, regular intake of drugs affecting brain function, contraindications for magnetic resonance imaging (MRI), acute transplant-rejection or acute infection and decompensated heart-, liver- or kidney function at study inclusion. After application of the inclusion and exclusion criteria 51 of the patients remained available for study participation. Of these, 21 agreed to participate ([Fig 1](#pone.0229759.g001){ref-type="fig"}).

![Flow chart displaying patient selection, application of exclusion criteria and group distribution of patients after kidney transplantation.\
This flow chart displays the distribution of patients into the three groups after kidney transplantation.](pone.0229759.g001){#pone.0229759.g001}

For the cross-sectional analysis it was intended to assess 10 patients 1 and 5 years after KT as patient control groups, respectively. Thus, all patients registered in the kidney transplantation outpatient clinic database about 1 or 5 years after KT were screened to find comparable subjects to the 21 patients 10 years after KT concerning age, sex, education and time on dialysis before KT ([Fig 1](#pone.0229759.g001){ref-type="fig"}).

Finally, 42 patients after KT were included: 21 patients about 10 years (KT10), ten patients about 5 years (KT5) and eleven patients about 1 year after KT (KT1) ([Table 1](#pone.0229759.t001){ref-type="table"}). All KT patients were treated with standard dose tacrolimus. However, all patients received at least one further drug for immunosuppression: 32 patients were additionally treated with prednisolone and mycophenolic acid, seven additionally with prednisolone and three additionally with mycophenolic acid. Eight patients of KT10 had been treated with ciclosporin for 261.4±490.4 days before the immunosuppression was changed to tacrolimus.

10.1371/journal.pone.0229759.t001

###### Characteristics of the 3 kidney transplantation patient groups, liver transplantation patients and healthy controls.

![](pone.0229759.t001){#pone.0229759.t001g}

                                               KT10        KT5         KT1         LT          HC         p value
  -------------------------------------------- ----------- ----------- ----------- ----------- ---------- --------------------------------------------------
  Age years mean ± SD                          55.9±10.3   56.7±6.5    54.4±4.5    50.3±11.4   56.8±8.2   0.43
  Sex (male/female)                            11/10       5/5         8/3         6/3         8/9        0.65
  Education in years mean ± SD                 10.5±1.8    10.6±2.3    10.5±1.4    10.2±1.9    11.4±1.8   0.52
  Aetiology of kidney disease (n)                                                  n.a.        n.a.       0.37[\*](#t001fn002){ref-type="table-fn"}
  Polycystic kidney disease                    n = 8       n = 4       n = 2                              
  Nephropathy                                  n = 4       n = 3       n = 5                              
  Nephritis                                    n = 5       n = 3       n = 1                              
  other                                        n = 4       n = 0       n = 3                              
  Time on dialysis before KT years mean ± SD   4.4±3.2     3.0±3.4     6.3±4.5     n.a.        n.a.       0.12[\*](#t001fn002){ref-type="table-fn"}
  Years since transplantation mean ± SD        10.8±1.1    5.7±0.7     1.6±0.7     9.7±1.9     n.a.       **\<0.001[\*](#t001fn002){ref-type="table-fn"}**
  KT10vsLT = 0.50                                                                                         
  Donor living/deceased                        7/14        8/2         3/8         0/9         n.a.       **0.02[\*](#t001fn002){ref-type="table-fn"}**
  Tacrolimus trough level (μg/l) mean ± SD     6.9±0.6     6.9±0.9     8.3±6.8     6.8±0.6     n.a.       **KT10vsKT1 \<0.001**
  **KT5vsKT1 \<0.001**                                                                                    
  **KT1vsLT \<0.001**                                                                                     
  Tacrolimus total dose (g) mean ± SD          14.3±6.1    13.1±6.4    2.0±0.6     24.7±5.5    n.a.       **KT10vsKT1 \<0.001**
  **KT10vsLT \<0.01**                                                                                     
  **KT5vsKT1 \<0.01**                                                                                     
  **KT5vsLT \<0.01**                                                                                      
  **KT1vsLT \<0.001**                                                                                     
  Arterial hypertension (+/-)                  21/0        10/0        11/0        5/4         n.a.       n.a.[\*](#t001fn002){ref-type="table-fn"}
  Diabetes mellitus (+/-)                      2/19        1/9         1/10        1/8         n.a.       0.99[\*](#t001fn002){ref-type="table-fn"}
  Hypercholesterolemia (+/-)                   15/6        4/6         6/5         1/8         n.a.       0.23[\*](#t001fn002){ref-type="table-fn"}
  GFR mean ± SD                                46.3±16.4   47.3±10.3   49.5±20.9   94.3±15.8   n.a.       0.87[\*](#t001fn002){ref-type="table-fn"}
  Chronic kidney disease grade III (+/-)       18/3        9/1         9/2         0/9         n.a.       0.87[\*](#t001fn002){ref-type="table-fn"}

KT, kidney transplantation; LT, liver transplantation; HC, healthy control; n, number; SD, standard deviation; n.a., not applicable; others: Goodpasture syndrome n = 1, Membranoproliferative glomerulonephritis n = 1, nephrosclerosis n = 2, kidney shrinkage n = 1, unknown reason n = 2; GFR, glomerular filtration rate in ml/min; +, yes; -, no; p value ≤0.05 is considered significant

\*, between KT groups

Nine patients about 10 years after liver transplantation (LT) were selected as a further patient control group. These patients are a subset of 85 patients who participated in a study analysing cognitive function and brain alterations in patients after liver transplantation \[[@pone.0229759.ref008]\]. The subgroup of patients after liver transplantation was selected according to time since transplantation, treatment with standard dose tacrolimus and stable tacrolimus trough levels above 5μg/l, age, education and sex to be comparable to the KT patient cohort. The underlying liver disease of the nine selected patients was primary sclerosing cholangitis (n = 5), polycystic liver disease (n = 2) and hepatitis B virus infection induced cirrhosis (n = 2). Seven liver transplantation patients were treated additionally with at least one further immunosuppressant: three with prednisolone, two with prednisolone and azathioprine, one with prednisolone and mycophenolic acid and one with mycophenolic acid. Five of these 9 patients had been treated with ciclosporin for 91.4±137.8 days before the immunosuppression was changed to tacrolimus.

Data of 33 healthy controls was already available. Of these, 17 (HC) adjusted for age, gender and education were selected and served as a control group ([Table 1](#pone.0229759.t001){ref-type="table"}).

2 KT patients (n = 1 of KT10 and KT1, respectively) had incomplete MRI measurement and thus were excluded from MRI analysis. All subjects gave written informed consent. The study was approved by the local ethics committee at Hannover Medical School and performed according to the World Medical Association Declaration of Helsinki of 1975 (as revised in 2013). No donor organs were obtained from executed prisoners or otherwise institutionalized persons. None of the transplant donors were from a vulnerable population and all donors or next of kin provided written informed consent that was freely given.

Methods {#sec008}
=======

All subjects underwent a standardised physical neurological examination (H.P.). Age, sex, years of education, underlying kidney disease (diseases were grouped according to polycystic kidney disease, nephropathy, nephritis and other), presence of arterial hypertension, diabetes mellitus or hypercholesterolemia, glomerular filtration rate (GFR) at the time of study inclusion in ml/min, bilirubin total in μmol/l at the time of study inclusion, medication, years since transplantation, living or deceased donor, time on dialysis before KT, tacrolimus dosages and tacrolimus trough levels of each visit at the outpatient clinic were assessed and documented from case records. The GFR was used to classify patients into patients with or without chronic kidney disease grade III. The mean tacrolimus trough level and the total tacrolimus dosage for each patient were calculated with last observations carried forward as previously described \[[@pone.0229759.ref008]\].

Psychometric testing and Beck's Depression Inventory {#sec009}
----------------------------------------------------

Cognitive function was assessed by the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) \[[@pone.0229759.ref017]--[@pone.0229759.ref019]\]. Indications of depression were determined by the Beck's Depression Inventory \[[@pone.0229759.ref020]\].

Magnetic resonance imaging and--spectroscopy {#sec010}
--------------------------------------------

All subjects underwent Magnetic resonance imaging and--spectroscopy examinations at 3T (Verio, Siemens, Erlangen, Germany). Cerebrovascular lesions and alterations of brain volume were assessed by semi quantitative assessment with a 12-channel phased-array head coil. The MRI protocol consisted of a T2 weighted turbo spin echo sequence (TSE) with triple echos (repetition time (TR)/echo time (TE) = 6440/8.7/70/131, flip angle 150°), a T2\*-weighted gradient-echo sequence (GRE) with triple echos (TR/TE = 1410/6.42/18.42/30.42 ms, flip angle 20°), a T1-weighted 3D Magnetization Prepared Rapid Gradient Echo (MPRAGE) acquisition (TR/TE/Inversion time (TI) = 1900/2.93/900 ms, flip angle 9°), and a T2-weighted-fluid-attenuated inversion recovery sequence (FLAIR) (TR/TE/TI = 9000/94/2500 ms, flip angle 150°). All scans were made in axial section with an acceleration factor of 2. A field of view (FOV) with 256x208 mm^2^ and a voxel size (VS) with 1x1x3 mm^3^ were applied for TSE and GRE scans, while a FOV with 256x224 mm^2^ and a VS with 1x1x1 mm^3^ for MPRAGE scan, and a FOV with 230x194 mm^2^ and a VS with 1x0.9x5 mm^3^ for FLAIR scan were used. The details of the sequences are displayed in [S1 Table](#pone.0229759.s002){ref-type="supplementary-material"}. Periventricular hyperintensities (PVH) and white matter hyperintensities (WMH) were assessed visually using the FLAIR and GRE sequences and semi quantitative graded by the Scheltens Scale \[[@pone.0229759.ref021]\]. Furthermore, the ventricular width at the level of the caudate nucleus (VWCN) and semioval centre (VWSC) were measured in mm using the FLAIR sequence. The assessed structural MRI values are displayed in [Fig 2](#pone.0229759.g002){ref-type="fig"}.

![Exemplary illustration of magnetic resonance imaging parameters.\
This exemplary FLAIR image displays the assessed MRI values periventricular hyperintensities (PVH, arrow 1), white matter hyperintensities (WMH, arrow 2) and ventricular widths at the level of the caudate nucleus (VWCN, arrow 3) in a 54 year old female patient 11 years after kidney transplantation.](pone.0229759.g002){#pone.0229759.g002}

For 31-phosphor magnetic resonance spectroscopy (31P-MRS) a non-localized single pulse 31P-MRS free induction decay sequence (TR/TE = 2000/0.23 ms, 64 acquisitions, flip angle of 50°) was used. A double-tuned 1H/31P transmit/receiver volume head coil (Rapid Biomedical, Würzburg, Germany) was used for 31P-MRS scans. The data of 31P-MR spectra were processed with an adapted LCModel version, with the spectral basis sets calculated by the VeSPA program \[[@pone.0229759.ref022]\] to estimate global concentrations of the brain phosphorous metabolites Adenosine triphosphate (ATP), Phosphocreatine (PCr), Inorganic phosphate (Pi), Nicotinamide adenine dinucleotide (NAD), Phosphomonoester (PME) and Phosphodiester (PDE). The obtained 31P metabolite values were subsequently corrected for T1 saturation as previously described \[[@pone.0229759.ref023]\]. An exemplary spectrum of 31P-MRS of a patient (male, 57 years old) together with overlaid LCModel analysis is shown in [Fig 3](#pone.0229759.g003){ref-type="fig"}. Each 31P metabolite concentration was determined as a ratio to the sum of total phosphorus metabolite values without unit. The Cramer-Rao lower bound (CRLB) of the spectral analysis was used as quality criterion for estimated metabolite values, as recommended by the author of LCModel \[[@pone.0229759.ref024]\], i.e. only metabolites estimated with a CRLB less than 25% were considered for further analyses. All MRI and MRS were visually inspected by two experienced neuroradiologists to exclude subjects with morphological abnormalities or artefacts.

![**Exemplary 31P MR spectrum with overlaid LCModel analysis (red line) of a patient (male, 57 years old).** ATP = adenosine-5-triphosphate; PCr = phosphocreatine; PME = phosphomonoesters; PDE = phosphodiesters; Pi = inorganic phosphate; NAD = Nicotinamide adenine dinucleotide.](pone.0229759.g003){#pone.0229759.g003}

Statistical methods {#sec011}
-------------------

Kolmogorov-Smirnov test was applied to assess normality of distribution. Kruskal-Wallis-Test and Mann-Whitney-U test for abnormally distributed values and Analysis of variance (ANOVA) with post-hoc Bonferroni correction for normally distributed values were applied to test for significant group differences. Categorical variables were assessed by Chi-squared test. Pearson test (normal distribution) and Spearmen rank test (abnormal distribution) were used for correlation analysis. A backward multivariate linear regression analysis was applied to identify independent prognostic factors for cognitive function considering the RBANS Total scale as dependent variable. Independent variables for the analysis including all subjects were age, diagnosis (KT, liver transplantation or healthy control), PVH occipital, ATP and PME. The regression coefficient, p value and confidence interval (CI) are displayed.

Normally distributed values are shown as mean ± standard deviation, abnormally distributed values are shown as median with interquartile (IQ) range. A p-value ≤0.05 was considered significant for all tests applied. The statistical calculations were performed with SPSS 24 (IBM, Armonk, NY).

Results {#sec012}
=======

Characteristics of patients and controls {#sec013}
----------------------------------------

The physical neurological examination was normal in all subjects. Age, sex and years of education did not significantly differ between the patient groups and between patients and healthy controls. In accordance with the design of the study, the time since transplantation differed significantly between the patient groups. The KT1 patients had a significantly higher tacrolimus mean trough level than all other patient groups. Directly after transplantation higher doses of tacrolimus are needed leading to high trough levels. With time after transplantation the tacrolimus dose is reduced. Thus, the time since transplantation explains the significantly higher mean tacrolimus trough level in the KT1 patient group. The time on dialysis before KT, underlying kidney disease, the presence of arterial hypertension, diabetes mellitus, hypercholesterolemia or chronic kidney disease grade 3 according to the GFR did not differ between the KT patient groups. Interestingly, more patients in KT10 and KT1 had received their organ from a deceased donor compared to KT5 (p = 0.02). All patients after liver transplantation had received organs from deceased donors. Compared to the KT patients arterial hypertension (p\<0.001) and hypercholesterolemia (p = 0.02) were less often present in liver transplantation patients while diabetes mellitus was equally frequent (p = 0.99). Liver transplantation patients had a significantly higher GFR at the time of study inclusion and in contrast to all three KT patient groups none of the liver transplantation patients had a chronic kidney disease grade 3 (p\<0.001) ([Table 1](#pone.0229759.t001){ref-type="table"}).

RBANS and Beck\`s Depression Inventory {#sec014}
--------------------------------------

All patient groups and controls had a median Beck\`s Depression Inventory score within the normal range (mean≤6) and the groups did not differ significantly (p = 0.76).

Three (14%) patients of KT10 as well as one patient of KT1 (9%) and LT (11%), respectively, had a pathological RBANS test result (percentile \<10%). The mean RBANS results of the index scores immediate memory (p = 0.02), visuospatial/constructional (p = 0.001) and delayed memory (p = 0.02) as well as the RBANS Total scale (p = 0.001) differed significantly between the groups. The pairwise group analysis showed that patients 1 year after KT achieved significantly worse mean results in the index scores immediate memory (91.0±16.2 vs 109.1±12.7; p = 0.04) and visuospatial/constructional ability (92.6±14.1 vs 110.7±16.1; p = 0.01) compared to healthy controls. KT patients about 5 and 10 years after transplantation achieved significantly worse mean scores only in visuospatial/constructional ability compared to controls (94.7±13.4 vs 110.7±16.1; p\<0.05 and 91.3±11.3 vs 110.7±16.1; p = 0.001, respectively). Concerning the index score delayed memory the pairwise analysis between KT patients about 10 years after transplantation and healthy controls was not significant (p = 0.06). The patients 10 years after liver transplantation scored significantly worse in the RBANS index score immediate memory (89.7±13.7 vs 109.1±12.7; p = 0.04) than healthy controls. The liver transplantation patients showed the worst attention compared to all other groups, however, this was not significant in group comparison (p = 0.08). The patients 1 and 10 years after KT (94.5±13.5 vs 109.4±10.1 and 96.8±12.5 vs 109.4±10.1; both p = 0.02) as well as the liver transplantation patient control group (90.7±9.1 vs 109.4±10.1; p\<0.01) achieved a significantly worse RBANS Total scale as a measure for the overall cognitive function compared to healthy controls. The RBANS results among the KT patient groups or between the KT groups and the liver transplantation patient control group did not differ significantly ([Table 2](#pone.0229759.t002){ref-type="table"} and [Fig 4](#pone.0229759.g004){ref-type="fig"}).

![RBANS results.\
This figure displays the RBANS results of the three kidney transplantation groups, the patients after liver transplantation and healthy controls. Each RBANS index score and the Total scale of the groups were compared by Analysis of variance with post-hoc Bonferroni correction for pairwise comparison. Level of significance p\<0.05. KT10, 10 years after kidney transplantation; KT5, 5 years after kidney transplantation; KT1, 1 year after kidney transplantation; LT, 10 years after liver transplantation; HC, healthy control.](pone.0229759.g004){#pone.0229759.g004}

10.1371/journal.pone.0229759.t002

###### RBANS and Beck\`s Depression Inventory results.

![](pone.0229759.t002){#pone.0229759.t002g}

                                 KT10         KT5          KT1          LT          HC           p value
  ------------------------------ ------------ ------------ ------------ ----------- ------------ ----------------------
  Beck\`s Depression Inventory   6.3±6.8      4.0±3.9      4.4±4.5      5.9±4.6     6.0±5.2      0.76
  Immediate memory               96.9±19.8    98.2±9.5     91.0±16.2    89.7±13.7   109.1±12.7   **KT1vsHC = 0.04**
  **LTvsHC = 0.04**                                                                              
  Visuospatial/Constructional    91.3±11.3    94.7±13.4    92.6±14.1    94.9±14.1   110.7±16.1   **KT10vsHC = 0.001**
  **KT5vsHC \<0.05**                                                                             
  **KT1vsHC = 0.01**                                                                             
  Language                       101.9±10.5   106.0±15.4   104.6±10.5   99.0±12.2   105.8±9.1    0.57
  Attention                      100.7±19.9   101.6±12.0   94.9±20.5    85.1±14.0   102.5±8.0    0.08
  Delayed memory                 98.0±9.6     103.8±13.2   97.3±11.6    97.9±5.0    106.1±11.3   KT10vsHC = 0.06
  Total scale                    96.8±12.5    100.9±12.8   94.5±13.5    90.7±9.1    109.4±10.1   **KT10vsHC = 0.02**
  **KT1vsHC = 0.02**                                                                             
  **LTvsHC \<0.01**                                                                              

KT, kidney transplantation; LT, liver transplantation; HC, healthy control; n, number; SD, standard deviation; p value ≤0.05 is considered significant

In conclusion, all patients--after KT and liver transplantation---showed an impaired visuospatial/constructional ability compared to healthy controls. Interestingly, only the patients after liver transplantation showed impaired immediate memory and reduced attention compared to healthy controls.

The RBANS results of the KT patients did not correlate with the tacrolimus total dose ([S1 Fig](#pone.0229759.s003){ref-type="supplementary-material"}) or mean trough level, GFR ([S2 Fig](#pone.0229759.s004){ref-type="supplementary-material"}), Bilirubin ([S3 Fig](#pone.0229759.s005){ref-type="supplementary-material"}) or years on dialysis before KT. The variables underlying kidney disease, living or deceased donor, diabetes mellitus or hypercholesterolemia had no effect on the RBANS results.

Magnetic resonance imaging and spectroscopy {#sec015}
-------------------------------------------

Although data showed higher periventricular hyperintensities and white matter hyperintensities values in general in the patients irrespective of the time interval since transplantation a significant difference from controls could be shown only for a few locations: patients 1 year after KT had a significantly increased extent of occipital and total periventricular hyperintensities compared to healthy controls (p\<0.05 and p\<0.01, respectively). Furthermore, the patients 5 years after KT showed a significantly increased extent of total periventricular hyperintensities compared to healthy controls (p = 0.01). Interestingly, the KT patients 10 years after transplantation showed no significant differences compared to healthy controls in all assessed MRI parameters. Concerning white matter hyperintensities and the ventricular widths no significant group differences were found ([Table 3](#pone.0229759.t003){ref-type="table"} and [Fig 5A--5C](#pone.0229759.g005){ref-type="fig"}).

![a-c: Magnetic resonance imaging results. This figure displays the magnetic resonance imaging results of the three kidney transplantation groups, the patients after liver transplantation and healthy controls. Level of significance p\<0.05. KT10, 10 years after kidney transplantation; KT5, 5 years after kidney transplantation; KT1, 1 year after kidney transplantation; LT, 10 years after liver transplantation; HC, healthy control; PVH, periventricular hyperintensities; WMH, white matter hyperintensities; VWCN, ventricular width at the level of the caudate nucleus; VWSC, ventricular width at the level of the semioval centre.](pone.0229759.g005){#pone.0229759.g005}

10.1371/journal.pone.0229759.t003

###### Magnetic resonance imaging results.

![](pone.0229759.t003){#pone.0229759.t003g}

                       KT10       KT5        KT1        LT         HC         p value
  -------------------- ---------- ---------- ---------- ---------- ---------- --------------------
  PVH occipital        1.4±0.6    1.7±0.7    1.8±0.4    1.6±0.7    1.0±0.7    **KT1vsHC \<0.05**
  PVH frontal          1.4±0.5    1.4±0.5    1.5±0.7    1.1±0.6    1.0±0.4    0.09
  PVH lateral          0.9±0.6    1.1±0.6    1.0±0.5    0.8±0.4    0.6±0.5    0.11
  PVH total            3.6±1.1    4.2±0.9    4.3±1.3    3.4±1.4    2.7±1.0    **KT5vsHC = 0.01**
  **KT1vsHC \<0.01**                                                          
  WMH frontal          2.8±1.9    2.2±1.6    2.1±1.7    1.8±1.5    2.3±1.7    0.67
  WMH parietal         1.8±1.8    1.9±2.0    1.7±2.0    1.1±1.5    0.6±1.2    0.23
  WMH occipital        1.1±1.4    0.5±0.9    0.6±1.6    0.9±1.8    0.5±1.4    0.76
  WMH temporal         0.6±1.1    0.2±0.4    0.0±0.0    0.3±1.0    0.1±0.3    0.25
  WMH total            6.1±5.0    4.8±3.6    4.4±3.1    4.1±4.2    3.5±3.9    0.44
  VWCN (mm)            14.4±3.4   14.5±3.6   12.9±2.4   14.8±2.7   13.4±2.9   0.54
  VWSC (mm)            29.1±5.8   28.8±7.0   26.5±5.2   31.3±4.1   29.4±4.8   0.43

KT, kidney transplantation; LT, liver transplantation; HC, healthy control; PVH, periventricular hyperintensities; WMH, white matter hyperintensities; VWCN, ventricular width at the level of the caudate nucleus; VWSC, ventricular width at the level of the semioval centre; n, number; SD, standard deviation; p value ≤0.05 is considered significant

The phosphor spectroscopy showed significant differences between the groups for ATP (p\<0.001). ATP concentrations in all 3 KT patient groups were significantly reduced compared to healthy controls (10 years after KT p\<0.001, 5 years after KT p = 0.001, 1 year after KT p = 0.01) ([Table 4](#pone.0229759.t004){ref-type="table"} and [Fig 6](#pone.0229759.g006){ref-type="fig"}). Concerning the metabolites PCr, Pi, NAD, PDE and PME no significant differences were found between the patient groups and healthy controls. The correlation analysis including only patients after KT, however, showed a significant positive correlation between PME levels and the RBANS domain score Immediate memory (r = 0.43, p\<0.01) and the RBANS Total Scale (r = 0.45, p\<0.01). No correlations in patients after KT between ATP ([S4 Fig](#pone.0229759.s006){ref-type="supplementary-material"}), PCr, Pi, NAD or PDE and ventricular widths, the other RBANS test results, tacrolimus mean trough level or total dose, years on dialysis before KT or GFR were found. The MRI values periventricular hyperintensities ([S5 Fig](#pone.0229759.s007){ref-type="supplementary-material"}) and white matter hyperintensities showed no association with RBANS test results. Presence or absence of chronic kidney disease grade III, diabetes mellitus and hypercholesterolemia had no effect on the MRI/MRS parameters of the KT patient groups.

![Magnetic resonance spectroscopy results.\
This figure displays the magnetic resonance spectroscopy results of the three kidney transplantation groups, the patients after liver transplantation and healthy controls. Level of significance p\<0.05. KT10, 10 years after kidney transplantation; KT5, 5 years after kidney transplantation; KT1, 1 year after kidney transplantation; LT, 10 years after liver transplantation; HC, healthy control; ATP, Adenosine triphosphate; PCr, Phosphocreatine; Pi, Inorganic phosphate; NAD, Nicotinamide adenine dinucleotide; PME, Phosphomonoester; PDE, Phosphodiester.](pone.0229759.g006){#pone.0229759.g006}

10.1371/journal.pone.0229759.t004

###### Magnetic resonance spectroscopy results.

![](pone.0229759.t004){#pone.0229759.t004g}

                        KT10          KT5           KT1           LT                    HC            p value
  --------------------- ------------- ------------- ------------- --------------------- ------------- ----------------------
  ATP                   0.207±0.009   0.206±0.008   0.209±0.008   0.223±0.020           0.224±0.011   **KT10vsHC \<0.001**
  **KT5vsHC = 0.001**                                                                                 
  **KT1vsHC = 0.01**                                                                                  
  PCr                   0.333±0.020   0.338±0.023   0.330±0.026   0.328±0.020           0.319±0.018   0.23
  Pi                    0.079±0.007   0.075±0.006   0.080±0.007   0.083±0.009           0.081±0.007   0.19
  NAD                   0.040±0.005   0.042±0.005   0.037±0.008   0.037±0.006 (n = 8)   0.039±0.005   0.26
  PME                   0.212±0.012   0.209±0.016   0.211±0.012   0.218±0.011           0.223±0.017   0.06
  PDE                   0.135±0.019   0.133±0.014   0.136±0.019   0.124±0.018           0.127±0.015   0.39

KT, kidney transplantation; LT, liver transplantation; HC, healthy control; ATP, Adenosine triphosphate; PCr, Phosphocreatine; Pi, Inorganic phosphate; NAD, Nicotinamide adenine dinucleotide; PME, Phosphomonoester; PDE, Phosphodiester; n, number; SD, standard deviation; p value ≤0.05 is considered significant

Linear regression {#sec016}
-----------------

A backwards linear regression analysis with the RBANS Total scale as dependent and age, diagnosis (KT, liver transplantation or healthy control), PVH occipital, ATP and PME as independent factors was applied. PME (n = 65, regression coefficient 356.1, p\<0.001; 95% CI 166.4--545.8) and being a healthy control or KT patient (n = 65, regression coefficient 8.7, p\<0.001; 95% CI 4.3--13.2) were identified as significant positive predictors of the RBANS Total scale. Two KT patients and one healthy control were excluded due to missing MRI.

Discussion {#sec017}
==========

This single center cross-sectional observational study investigated cognitive function, brain structure and metabolism in patients with standard dose tacrolimus therapy 10 years after kidney transplantation. The results were compared to patient control groups consisting of patients 1 and 5 years after KT and tacrolimus treated patients who underwent liver transplantation about 10 years ago as well as healthy controls. Both, patients after KT and patients after liver transplantation showed cognitive impairment compared to healthy controls adjusted for age and education. Furthermore, KT patients showed an increased extent of periventricular hyperintensities and reduced brain ATP concentrations compared to healthy controls.

Tacrolimus is currently the standard immunosuppressive drug used after kidney transplantation to prevent rejection \[[@pone.0229759.ref011]\]. However, long-term tacrolimus therapy is accompanied by several significant adverse effects such as renal dysfunction, cardiovascular disease and malignancy \[[@pone.0229759.ref012]\]. Furthermore, tacrolimus therapy is associated with neurological complications in the first few weeks after transplantation \[[@pone.0229759.ref013]\] and these are expected in the long-term as well. Several possible pathomechanisms are discussed: Tacrolimus induced cardiovascular risk factors \[[@pone.0229759.ref012]\] enhance atherosclerosis and microangiopathy which may lead to cerebrovascular events and subsequently impaired brain function, tacrolimus might cause neurodegeneration by inhibiting the cerebral immune system \[[@pone.0229759.ref015]\] and tacrolimus might impair the cerebral energy metabolism \[[@pone.0229759.ref014]\].

While the improvement of cognitive dysfunction associated with severe chronic kidney disease and hemodialysis within 1 year after KT is well described \[[@pone.0229759.ref003], [@pone.0229759.ref004]\], interestingly, only few studies investigated the long-term neurological outcome after KT. Troen and colleagues assessed cognitive function in 183 patients approximately 7 years after KT. One third of these patients showed an impaired memory, about half impaired attention and mental processing speed and about 40% impaired executive function \[[@pone.0229759.ref006]\]. In another study Gelb and colleagues examined cognitive function in 42 patients approximately 5 years after KT and compared their results to 45 patients with chronic kidney disease and 49 healthy controls \[[@pone.0229759.ref007]\]. Both patient groups showed worse verbal memory and worse executive functioning skills than controls, while there was no significant difference between the two patient groups. Both studies indicate that cognitive dysfunction is present in KT patients in the long-term after transplantation. However, the underlying cause was not addressed. Data showing that cognitive function significantly improves within the first year after KT indicate that a secondary decline of cognitive function might occur in the long-term. Cognitive deterioration after transplantation was previously described in liver transplantation patients \[[@pone.0229759.ref009]\] and we recently showed cognitive impairment in a subset of patients in the long-term after liver transplantation who had been treated with low dose CNI after they had developed significant renal dysfunction with standard CNI therapy. We hypothesized that these patients might be hypersensitive against CNI toxicity \[[@pone.0229759.ref008]\].

Corresponding to the literature our results show that cognitive impairment is present in patients after KT compared to healthy controls. Especially visuospatial/constructional abilities seem to be affected in the long-term. The impairment of immediate memory in patients 1 year after KT might be a residue from dialysis related encephalopathy as patients on dialysis were shown to have especially memory and attention deficits \[[@pone.0229759.ref025]\]. The impairment of visuospatial/constructional ability in the long-term after transplantation was previously described in patients 10 years after liver transplantation who were on a reduced CNI dose due to CNI induced kidney injury \[[@pone.0229759.ref008]\]. The liver transplantation patients included in this study who were on a standard dose immunosuppressive therapy regimen showed a similar visuospatial/constructional ability as the KT patients, however, probably due to a higher variability of the test results no significant difference compared to healthy controls was found. Taken together, similar to patients after liver transplantation, also patients after KT show cognitive impairment in the long-term after transplantation. This might be related to long-term CNI therapy. All patient groups---KT and liver transplantation patients---showed worse visuo-constructive abilities than controls, while language seemed preserved in all groups and attention seemed preserved especially in the KT patients. Thus deficits of visuo-constructional abilities might be related to tacrolimus therapy--a variable that is shared by all patient groups, while the deficit in alertness could be a residuum of hepatic encephalopathy.

Arterial hypertension and impaired kidney function might have an influence on cognitive function. However, it can be assumed that the impact of both on cognitive function in our study cohort is less important than that of the assumed vulnerability towards tacrolimus. For example, patients 5 years after KT showed only slight deficit in the visuospatial/constructional ability and no overall cognitive impairment despite having arterial hypertension and impaired kidney function just like the other KT groups. Furthermore, the patients after liver transplantation showed cognitive impairment although they had a normal kidney function and less often arterial hypertension than KT patients.

To address two of the possible tacrolimus associated pathomechanisms underlying cognitive dysfunction in our patients we performed MRI and 31P-MRS to assess cerebrovascular injury and cerebral mitochondrial energy metabolism. Structural brain alterations have been described in patients with significant chronic kidney disease with and without dialysis \[[@pone.0229759.ref026]\]^,^\[[@pone.0229759.ref027]\]. However, the effect of KT upon brain structure is not well described. Gupta and colleagues performed MRI and psychometric testing in eleven patients before and three months after KT \[[@pone.0229759.ref028]\]. They showed an improvement of cognitive function accompanied by an improvement of brain white matter integrity measured by diffusion tensor imaging in tracts associated with memory and executive function after KT. Zhang and colleagues measured white matter structural connectivity using diffusion tensor imaging in 21 patients before and 1 month after KT \[[@pone.0229759.ref029]\]. Although the MRI values of patients did not normalize, the diffusion tensor imaging results showed a significant improvement after KT. In both studies the authors concluded that structural brain alterations in chronic kidney disease patients might be at least partially reversible after KT.

Considering the assumed neurotoxicity of tacrolimus and the increased prevalence of cardiovascular risk factors in patients after KT \[[@pone.0229759.ref012]\], alterations of brain structure have to be expected. Accordingly, we found an increased extent of periventricular hyperintensities in patients about 1 and 5 years after KT compared to healthy controls. Surprisingly, KT patients about 10 years after transplantation did not significantly differ from healthy controls and none of the KT patient groups differed significantly from healthy patients concerning white matter hyperintensities or ventricular widths. Other groups discussed that structural brain alterations are at least partially reversible after KT \[[@pone.0229759.ref028], [@pone.0229759.ref029]\], however the lack of a difference between the patients 10 years after KT and controls in our study might well be due to the variability of these parameters and the limited number of subjects included into the study.

Another tacrolimus associated pathomechanism underlying cognitive dysfunction in patients after KT is the possible impairment of the cerebral energy metabolism. Illsinger and colleagues showed in vitro that clinically relevant tacrolimus concentrations impair the mitochondrial energy metabolism in human umbilical endothelial cells \[[@pone.0229759.ref014]\]. Furthermore, tacrolimus induced alterations of mitochondrial function was described in human cell lines \[[@pone.0229759.ref030]\]. Both studies indicate that tacrolimus impairs the mitochondrial metabolism. Based on these in vitro studies we hypothesized that tacrolimus associated impairment of mitochondrial function might be connected to long-term cognitive impairment in patients after transplantation. We found significantly reduced ATP concentrations in patients after KT compared to healthy controls. Furthermore, PME concentrations correlated significantly to cognitive function.

Because ATP is the main energy source for brain cells and represents mitochondrial activity \[[@pone.0229759.ref031]\] the reduced ATP concentrations in KT patients indicate altered mitochondrial function and might be associated to cognitive impairment. PME concentrations represent membrane turnover of the brain \[[@pone.0229759.ref032]\] and consequently are connected to brain metabolism. In conclusion, our results indicate an impaired brain metabolism in KT patients. Interestingly, the liver transplantation patient control group which as well received tacrolimus for immunosuppression showed no alterations of the brain energy metabolism compared to controls. Thus, other factors besides tacrolimus must be involved. Kidney dysfunction might play a significant role in this respect. It might reduce the ability of the kidney to protect from CNI toxicity or it leads to an altered pattern of tacrolimus metabolites inducing neurotoxicity. Significant impairment of cognitive function was recently described in patients long-term after liver transplantation who had a history of kidney dysfunction and still decreased GFR \[[@pone.0229759.ref008]\]. The liver transplantation patients selected for this study had no kidney dysfunction at study inclusion ([Table 1](#pone.0229759.t001){ref-type="table"}). This might explain why the liver transplantation patients in this study had no altered mitochondrial energy metabolism despite receiving tacrolimus therapy in similar doses gaining similar blood levels. Thus, the individual vulnerability towards tacrolimus associated toxicity needs to be considered as well. In conclusion, the tacrolimus mean trough level or tacrolimus dose alone are not a sufficient explanation for altered brain energy metabolism. In accordance, in our study neither was correlated to cognitive function or the cerebral energy metabolism.

Several limitations apply to our study. It has a limited transferability to other centres and unfortunately no data from before KT was available. The results of our study might be influenced by underlying diseases such as diabetes, other immunosuppressants, especially prednisolone, and most patients were taking several other drugs besides tacrolimus. Unfortunately, patients after KT who only received tacrolimus since transplantation as well as patients with a CNI-free or prednisolone-free maintenance therapy since transplantation were not available. The sample size limits statistical power and inhibits a statement on clinical impact. Furthermore, the different underlying diseases of patients after liver transplantation and KT limit comparability, but also allow the conclusion that cognitive impairment in the long-term after liver and kidney transplantation cannot exclusively be explained by CNI toxicity.

Conclusions {#sec018}
===========

In conclusion our results indicate that KT is associated with cognitive impairment and alterations of the brain energy metabolism in the long-term. The underlying pathomechanism seems to be complex and besides many other factors tacrolimus might be involved. Further investigation in a bigger study cohort is needed to clarify the role of tacrolimus and the impact of several variables such as concomitant disorders, extent of kidney dysfunction, sex and others. Furthermore, brain ATP in patients with chronic kidney disease and cognitive impairment before transplantation needs to be analysed in the future.

Supporting information {#sec019}
======================

###### This dataset contains all data underlying our results.

(XLSX)

###### 

Click here for additional data file.

###### This table contains the details of the pulse sequences.

TE: echo time; TI: Inversion time; TR: repetition time.

(DOCX)

###### 

Click here for additional data file.

###### This figure shows the scatterplot between the RBANS Total scale and the tacrolimus total dose.

r = 0.62, p = 0.69; RBANS: Repeatable Battery for the Assessement of Neuropsychological Status.

(TIF)

###### 

Click here for additional data file.

###### This figure shows the scatterplot between the RBANS Total scale and the GFR.

r = -0.15, p = 0.35; RBANS: Repeatable Battery for the Assessement of Neuropsychological Status; GFR: glomerular filtration rate.

(TIF)

###### 

Click here for additional data file.

###### This figure shows the scatterplot between the RBANS Total scale and Bilirubin.

r = -0.76, p = 0.64; RBANS: Repeatable Battery for the Assessement of Neuropsychological Status.

(TIF)

###### 

Click here for additional data file.

###### This figure shows the scatterplot between the RBANS Total scale and ATP.

r = 0.31, p = 0.06; RBANS: Repeatable Battery for the Assessement of Neuropsychological Status; ATP: Adenosine triphosphate.

(TIF)

###### 

Click here for additional data file.

###### This figure shows the scatterplot between the RBANS Total scale and the occipital PVH.

r = 0.002, p = 0.99; RBANS: Repeatable Battery for the Assessement of Neuropsychological Status; PVH: periventricular hyperintensities.

(TIF)

###### 

Click here for additional data file.

The authors would like to express their gratitude towards Professor Hans Messner and Professor David Gjertson for the continuous support in planning and conducting this study. Furthermore, we would like to thank Dr. Christopher Randolph for providing the German version of the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS).
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Reviewer \#1: The manuscript entitled \"Brain function and metabolism in patients with long-term tacrolimus therapy after

kidney transplantation\" describes the differences in cognitive function and brain ATP levels in kidney transplanted patients, liver tr4ansplanted patients, and healthy controls. The conclusions are, as expected, that kidney transplantation does not restore cognition to normal levels. This has been already mentioned in several reviews on this topic, as well as summarized in a recent review from a Europen group (see e.g. PMID:31071220 ).

However, I find that the manuscript contains important information that merit publication, specifically the use of a liver transplanted group as further control to dissect the effect of tacrolimus from kidney disease.

-the authors should greater strength this latter aspect in the title and the abstract

\- the tables are difficult to read: please present the data in graphic form. I would encourage to present a graph with time in the horizontal axis (so that possible time-evolution is evident). (see below regarding the use of symbols)

\- in figure 3 please use symbols that could better group the KT patients. e.g. use squares filled with at different gray levels to indicate KT 1, 5 and 10 years (rather than three different symbols). Why no error bars? why are the different cognitive measures connected by a line? this is misleading and makes confusion: please use for this type of graph bar plots.

\- I do not agree with the conclusions: liver transplant seems to impinge even more on several cognitive aspects. Is there a dose-response relation between tacrolimus and cognition? please give a scatterplot of the dose of tacrolimus (and cumulative dose, if possible) vs cognitive function. Is it an effect linked to the eGFR (even in the case of liver transplant)? please give a scatterplot of eGFR vs cognitive functions. Is it a problem with liver function in kidney patients? please give a scatterplot of transaminases (or bilirubin, which is more likely to affect the brain) vs cognitive processes.

\- ATP seems to be related to kidney transplants and not liver transplants. Therefore, it is not due to tacrolimus: please change the conclusions in the abstract and discuss the possibility that MCI-CKD is due to a loss of ATP into the brain due to CKD (see above reference for MCI-CKD). Please also give the relationship between ATP and cognitive functions (a regression and a scatterplot would be useful).

\- I also find fascinating the trend effect of the PVH occipital, which is more present also in the liver transplanted patients. This is a very interesting point. You should demonstrate that these lesions are related to the cognitive measures (by regression, and possibly giving a scatterplot). In general, this finding is intriguing because the hyperintensities have been correlated usually to CKD rather than tacrolimus\... is it possible that other drugs are actually causing them? maybe cortisone (which is widely used in CKD diseases)? or diabetes? what is the commonality between CKD, kidney transplant and liver transplant? maybe the data can offer some insight into this question.

Please reformulate the abstract once these points have been addressed.

Reviewer \#2: The manuscript entitled "Brain function and metabolism in patients with long-term tacrolimus therapy after kidney transplantation" and submitted to PLOS ONE describes a study into the brain metabolism and cognitive function of kidney transplant recipients. Its cross-sectional study design analyzes patients 10, 5, and 1 years after transplantation under tacrolimus therapy, and compares these to both healthy controls and a group of patients after 10 years post liver transplantation. Methods included both neuropsychological tests, proton MRI and 31P (phosphorus) magnetic resonance spectroscopy. The results indicate that overall the kidney transplant recipients had cognitive impairment compared to healthy controls, but it did not follow that patients 10 years post-transplantation were more impaired than patients 5 and 1 years post.

It is curious that long-term tacrolimus therapy patients were not significantly more impaired than the 5 and 1 year patients, although as the authors state there may be other, more significant factors at work, and the sample size was not overly large. In general the study is well designed with the numerous statistical tests well described. A few keys area should be improved, however, in order to clarify the results and improve the text.

• The authors separate the patients and controls into 5 groups. Although they describe what each group represents (i.e. group 1 is kidney transplant patients 10 years post-transplantation), this gets confusing for the reader, and found myself making notes in order to keep the groups sorted correctly. It would be far easier for the reader if the authors altered their nomenclature for the groups, so that 'KT10' could represent kidney transplant patients 10 years post-transplantation. 'KT5', 'KT1', 'LT' and 'HC' would follow naturally, and the these should be carried into the various tables. This would be easier for the reader to follow.

• Figure 3 could also be improved as per the previous point. Currently, various symbols indicate which of the groups had significant (p \< 0.05) deficits compared to controls. It would be far easier to just list the group names (i.e. LT5) as being significantly less than healthy controls, and state in the figure caption that all group means are being compared to controls.

• A 31P spectra would be interesting to the reader. Consider including an exemplary example as a figure, or at the minimum as supplementary material.

• Line 202-203: The turbo spin echo sequence appears to be a triple echo, with PD (13 ms), intermediate (71 ms) and T2-weighted (130 ms) echo times. It is important that the authors distinguish between this T2-weighted sequence, the T2 FLAIR sequence (see next point).

• Line 206: "an axial turbo inversion recovery magnetic sequence" Do the authors mean a T2-weighted fluid-attenuated inversion recovery (FLAIR) sequence? If so, please state that directly. You should also provide the parameters for this sequence (TR, TE, resolution, etc.) It may be worthwhile to create a new table for the pulse sequences, wherein all the relevant details (field of view, slice thickness, resolution, TR/TE, etc.) could be provided for all sequences. If the parameters were not kept consistent among the subjects (i.e. different FLAIR sequences were used) please state that directly so the reader can evaluate whether this had any effect upon the results.

• Line 208: "(WMH) were assess visually" On what the sequence? It's almost certainly the FLAIR, but this should be stated directly. If other sequences (i.e. T2\* weighted) were also used, this should be stated as well.

• Line 209-210: "ventricular width at the level\..." Which sequence was used to measure these widths? The MPRAGE? FLAIR?

• Line 231: "exemplary T2 magnetic resonance image\..." This image is almost certainly a T2-weighted FLAIR, not a T2-weighted sequence which was also described (Line 202-203). Please clarify the figure caption.

• Line 360: "Furthermore, KT patients showed enlarged periventricular hyperintensities\..." Not sure what the authors mean by enlarged here. Do they mean an increased number of hyperintensities? The same number but increased volume?

• Line 418-419: "despite that they had arterial hypertension\..." Consider changing to "despite having arterial hypertension\..."

• Line 483-486: "Unfortunately, patients after KT who only received tacrolimus as well as a patient control group with a CNI-free or prednisolone-free immunosuppression since transplantation were not available." This is not a complete sentence -- please revise.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).
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Reviewer \#2: Yes: Paul Polak

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Dear Professor Bergsland, dear Reviewers,

Thank you very much for the critical review of our manuscript. In the following we would like to respond to each of the comments.

Academic editor:

Finally, please ensure that you state how data can be accessed. The data availability statement says \"Yes - all data are fully available without restriction\", but it is not clear how others can obtain access.

Answer: The S1 Dataset contains all data underlying our results.

Journal Requirements:

Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming.

Answer: The manuscript and the names of the files were revised accordingly.

Comments to the Author

Have the authors made all data underlying the findings in their manuscript fully available?

Answer: All data underlying our results is now provided in the S1 Dataset.

Review Comments to the Author

Reviewer \#1: The manuscript entitled \"Brain function and metabolism in patients with long-term tacrolimus therapy after kidney transplantation\" describes the differences in cognitive function and brain ATP levels in kidney transplanted patients, liver tr4ansplanted patients, and healthy controls. The conclusions are, as expected, that kidney transplantation does not restore cognition to normal levels. This has been already mentioned in several reviews on this topic, as well as summarized in a recent review from a Europen group (see e.g. PMID:31071220 ).

However, I find that the manuscript contains important information that merit publication, specifically the use of a liver transplanted group as further control to dissect the effect of tacrolimus from kidney disease.

-the authors should greater strength this latter aspect in the title and the Abstract

Answer: Thank you for this comment. The title was changed accordingly and the patient control group after liver transplantation was highlighted in the abstract.

\- the tables are difficult to read: please present the data in graphic form. I would encourage to present a graph with time in the horizontal axis (so that possible time-evolution is evident). (see below regarding the use of symbols)

Answer: All data which is presented in the tables 2-4 is now additionally presented in graphic form (Fig 4-6).

\- in figure 3 please use symbols that could better group the KT patients. e.g. use squares filled with at different gray levels to indicate KT 1, 5 and 10 years (rather than three different symbols). Why no error bars? why are the different cognitive measures connected by a line? this is misleading and makes confusion: please use for this type of graph bar plots.

Answer: You are right. The figure was difficult to understand. Thus, we revised it completely. Now it is a bar plot graph with error bars (Fig 4).

\- I do not agree with the conclusions: liver transplant seems to impinge even more on several cognitive aspects. Is there a dose-response relation between tacrolimus and cognition? please give a scatterplot of the dose of tacrolimus (and cumulative dose, if possible) vs cognitive function. Is it an effect linked to the eGFR (even in the case of liver transplant)? please give a scatterplot of eGFR vs cognitive functions. Is it a problem with liver function in kidney patients? please give a scatterplot of transaminases (or bilirubin, which is more likely to affect the brain) vs cognitive processes.

Answer: To assess whether tacrolimus has a dose-response impact on cognitive function and to assess whether the GFR or bilirubin have an impact on cognitive function we performed correlation analyses. The tests showed no significant relationship. All included patients after kidney transplantation had a normal liver function at study inclusion.

"The RBANS results of the KT patients did not correlate with the tacrolimus total dose (S1 Fig) or mean trough level, GFR (S2 Fig), Bilirubin (S3 Fig) or years on dialysis before KT." (Lines 322-324)

We added the scatterplots of the correlation analysis between tacrolimus total dose, GFR as well as bilirubin and RBANS Total scale into the supplement (S1-S3 Figs).

\- ATP seems to be related to kidney transplants and not liver transplants. Therefore, it is not due to tacrolimus: please change the conclusions in the abstract and discuss the possibility that MCI-CKD is due to a loss of ATP into the brain due to CKD (see above reference for MCI-CKD). Please also give the relationship between ATP and cognitive functions (a regression and a scatterplot would be useful).

Answer: You are right. The reduction of ATP in the brain is only present in KT patients and not LT patients in this study. However, in a previous study we showed a reduced ATP in a subset of patients after LT who had developed kidney dysfunction due to calcineurin inhibitor therapy (Schmitz et al Aliment Pharmacol Ther. 2019). We hypothesized that some patients might be especially vulnerable towards CNI toxicity. The nine patients included in this study had no kidney dysfunction and thus do not belong to this group of patients. The results of our study show that patients after KT have cognitive dysfunction and reduced brain ATP. Considering former experimental data Tacrolimus may well be involved (see for example Illsinger et al, Annals of Transplantation 2011), however, the presence of renal dysfunction seems to play a significant role in these patients. To analyze the relationship between tacrolimus therapy, cognitive dysfunction, kidney function and other immunosuppressants further studies need to be done in the future with a bigger study cohort. The conclusion of the abstract was changed accordingly.

As you point out cognitive impairment in patients with chronic kidney disease might be due to lack of brain ATP. So far as we know, today no respective data are available. But it is of course an important question to follow up. We added a sentence to the conclusions to underline this aspect.

"Furthermore, brain ATP in patients with chronic kidney disease and cognitive impairment before transplantation needs to be analysed in the future." (Lines 561-563)

To display the relationship between ATP and cognitive function we performed a regression analysis and added a scatterplot into the supplement (S4 Fig). The statistical analysis was added to the methods section (Lines 258-263) and the results were added at the end of the results section (Lines 402-409).

\- I also find fascinating the trend effect of the PVH occipital, which is more present also in the liver transplanted patients. This is a very interesting point. You should demonstrate that these lesions are related to the cognitive measures (by regression, and possibly giving a scatterplot). In general, this finding is intriguing because the hyperintensities have been correlated usually to CKD rather than tacrolimus\... is it possible that other drugs are actually causing them? maybe cortisone (which is widely used in CKD diseases)? or diabetes? what is the commonality between CKD, kidney transplant and liver transplant? maybe the data can offer some insight into this question.

Answer: The occipital PVH were more present in all patients after transplantation compared to controls, however, the level of significance was only reached for the patients one year after KT. We extended the regression analysis by the occipital PVH and added a scatterplot showing the relationship between occipital PVH and the RBANS Total scale (S5 Fig). In regression analysis the occipital PVH had no significant effect on cognitive function (n=65, regression coefficient 2.34, p=0.24; 95% CI -1.64-6.32).

We agree that other drugs or underlying diseases such as diabetes might have an effect on our results. The number of patients included in this study makes it impossible to analyze effects of other drugs or underlying diseases on cognitive function and structural brain alterations. The study was designed as a pilot. We included these important aspects into the limitations of our study (Lines 543-553).

The commonality between KT and LT patients in our study is the transplantation itself and the treatment with tacrolimus. The KT and LT patient groups, however, differed in regard to accompanying disorders such as presence of hypertension, renal dysfunction or diabetes. The impact of these factors as well as the impact of kidney dysfunction before transplantation should be analyzed in future studies.

Please reformulate the abstract once these points have been addressed.

Answer: The abstract was revised to address the comments made above.

Reviewer \#2: The manuscript entitled "Brain function and metabolism in patients with long-term tacrolimus therapy after kidney transplantation" and submitted to PLOS ONE describes a study into the brain metabolism and cognitive function of kidney transplant recipients. Its cross-sectional study design analyzes patients 10, 5, and 1 years after transplantation under tacrolimus therapy, and compares these to both healthy controls and a group of patients after 10 years post liver transplantation. Methods included both neuropsychological tests, proton MRI and 31P (phosphorus) magnetic resonance spectroscopy. The results indicate that overall the kidney transplant recipients had cognitive impairment compared to healthy controls, but it did not follow that patients 10 years post-transplantation were more impaired than patients 5 and 1 years post.

It is curious that long-term tacrolimus therapy patients were not significantly more impaired than the 5 and 1 year patients, although as the authors state there may be other, more significant factors at work, and the sample size was not overly large. In general the study is well designed with the numerous statistical tests well described. A few keys area should be improved, however, in order to clarify the results and improve the text.

• The authors separate the patients and controls into 5 groups. Although they describe what each group represents (i.e. group 1 is kidney transplant patients 10 years post-transplantation), this gets confusing for the reader, and found myself making notes in order to keep the groups sorted correctly. It would be far easier for the reader if the authors altered their nomenclature for the groups, so that 'KT10' could represent kidney transplant patients 10 years post-transplantation. 'KT5', 'KT1', 'LT' and 'HC' would follow naturally, and the these should be carried into the various tables. This would be easier for the reader to follow.

Answer: Thank you for the recommendation. The nomenclature for the groups was changed accordingly.

• Figure 3 could also be improved as per the previous point. Currently, various symbols indicate which of the groups had significant (p \< 0.05) deficits compared to controls. It would be far easier to just list the group names (i.e. LT5) as being significantly less than healthy controls, and state in the figure caption that all group means are being compared to controls.

Answer: Thank you for the advice. The Figure was revised accordingly (Fig 4).

• A 31P spectra would be interesting to the reader. Consider including an exemplary example as a figure, or at the minimum as supplementary material.

Answer: Thank you for this suggestion. We included an exemplary 31P-MRS as Fig 3.

• Line 202-203: The turbo spin echo sequence appears to be a triple echo, with PD (13 ms), intermediate (71 ms) and T2-weighted (130 ms) echo times. It is important that the authors distinguish between this T2-weighted sequence, the T2 FLAIR sequence (see next point).

Answer: Thank you for the comment. The description of the MRI protocol was revised and is now described in more detail (Please see lines 199-239).

• Line 206: "an axial turbo inversion recovery magnetic sequence" Do the authors mean a T2-weighted fluid-attenuated inversion recovery (FLAIR) sequence? If so, please state that directly. You should also provide the parameters for this sequence (TR, TE, resolution, etc.) It may be worthwhile to create a new table for the pulse sequences, wherein all the relevant details (field of view, slice thickness, resolution, TR/TE, etc.) could be provided for all sequences. If the parameters were not kept consistent among the subjects (i.e. different FLAIR sequences were used) please state that directly so the reader can evaluate whether this had any effect upon the results.

Answer: Thank you for this comment and please excuse the imprecision. The description of the MRI protocol was revised and now includes the asked details (Please see lines 203-220). The FLAIR sequence is now named directly and we provided all relevant details for the pulse sequences in S1 Table. The parameters were kept consistent among all subjects.

• Line 208: "(WMH) were assess visually" On what the sequence? It's almost certainly the FLAIR, but this should be stated directly. If other sequences (i.e. T2\* weighted) were also used, this should be stated as well.

Answer: Thank you for the comment and please excuse the imprecision. The WMH were assessed using the FLAIR and the GRE sequences. We added this information to the methods section.

"Periventricular hyperintensities (PVH) and white matter hyperintensities (WMH) were assessed visually using the FLAIR and GRE sequences and semi quantitative by the Scheltens Scale" (Lines 215-217).

• Line 209-210: "ventricular width at the level\..." Which sequence was used to measure these widths? The MPRAGE? FLAIR?

Answer: Thank you for the comment. The FLAIR sequence was used to measure the ventricular widths.

"Furthermore, the ventricular width at the level of the caudate nucleus (VWCN) and semioval centre (VWSC) were measured in mm using the FLAIR sequence." (Lines 217-219)

• Line 231: "exemplary T2 magnetic resonance image\..." This image is almost certainly a T2-weighted FLAIR, not a T2-weighted sequence which was also described (Line 202-203). Please clarify the figure caption.

Answer: Please excuse the imprecision. A T2-weighted-fluid-attenuated inversion recovery sequence (FLAIR) was used. The figure caption was changed accordingly.

"This exemplary FLAIR image displays the assessed MRI values ..." (Lines 241-245)

• Line 360: "Furthermore, KT patients showed enlarged periventricular hyperintensities\..." Not sure what the authors mean by enlarged here. Do they mean an increased number of hyperintensities? The same number but increased volume?

Answer: Thank you for the comment and please excuse the ambiguity. The periventricular hyperintensities were assessed using the Scheltens Scale which is a semiquantative assessment tool. The extent of the periventricular hyperintensities was measured in mm and transformed into a score ranging from 0 to 2 (0=absent, 1= ≤5mm, 2= \>5mm \<10mm).

The sentence was clarified. "Furthermore, KT patients showed an increased extent of periventricular hyperintensities and reduced brain ATP concentrations compared to healthy controls." (Lines 419-420)

• Line 418-419: "despite that they had arterial hypertension\..." Consider changing to "despite having arterial hypertension\..."

Answer: Thank you for the correction. The sentence was changed accordingly. (Lines 476-479)

• Line 483-486: "Unfortunately, patients after KT who only received tacrolimus as well as a patient control group with a CNI-free or prednisolone-free immunosuppression since transplantation were not available." This is not a complete sentence -- please revise.

Answer: Thank you for the comment. The sentence was revised.

"Unfortunately, patients after KT who only received tacrolimus since transplantation as well as patients with a CNI-free or prednisolone-free maintenance therapy since transplantation were not available." (Lines 547-549)

We would like to express our thanks for the thorough review of our manuscript and lots of fruitful suggestions and comments. We hope that we have satisfactorily addressed all comments made by the reviewers and the academic editor and that you will now find our manuscript acceptable for publication in PLOS ONE.
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